Introduction
The separation of air for the production of nitrogen and oxygen is an important operation in the chemical processing industry. Historically, this separation has been done by cryogenic distillation. As adsorption systems have become more efficient and new, more effective sorbents have been synthew sized, separation by adsorption processes such as pressure Ž . Ž .x swing adsorption PSA , and vacuum swing adsorption VSA have become increasingly competitive and are already favor-Ž . able for small-to-medium-scale operations Yang, 1997 . Currently, approximately 20% of air separations are accom-Ž . plished using adsorption technologies Rege and Yang, 1997 . While it has long been known that Li q is among the Ž strongest cations, with respect to its interaction with N Mc-2 . Kee, 1964 , its use was greatly increased with two recent advances. First, it was found that Li q ion-exchange in X-type zeolite must exceed an approximate 70% threshold before the Li q has any effect on the adsorptive properties of the Ž material Chao, 1989; Chao et al., 1992; Coe et al., 1992; Coe, Correspondence concerning this article should be addressed to R. T. Yang. . 1995 . Secondly, a significant increase in the N adsorption 2 q Ž . capacity was seen in Li ion-exchanged low-silica X LSX Ž zeolite over that of the typical commercial material SirAlf . 1.25 . Because of these advances, Li᎐LSX is now the best sorbent in industrial use for the separation of air by adsorp-Ž . tion processes Rege and Yang, 1997 . Examples of mixed-cation zeolites have also been given. Ž . Coe et al. 1992 reported the use of a binary exchanged Xzeolite having lithium and calcium andror lithium and strontium ions in a ratio of 5% to 50% calcium andror strontium and 50% to 95% lithium. This material provided for enhanced nitrogen adsorption over those of the Na᎐X, Li᎐X, Ž . and Ca᎐X zeolites. Chao et al. 1992 showed the use of mixed ion-exchanged A and X zeolites with lithium and an alkaline Ž 2q 2q . earth metal such as Ca , Sr . In this case, the zeolite contained lithium and the alkaline earth cations in a mixture of 10% to 70% alkaline earth and 30% to 90% lithium. These mixed cation zeolites provided high adsorption capacity and Ž . high thermal stability. Fitch et al. 1995 reported good N rO 2 2 Ž selectivity and N capacity with mixed Li Al ᎐X zeolite that 2 x y is, using Al 3q as the nonframework charge-compensating . cation .
Silver is also known to have very strong effects on the ad-Ž sorption characteristics of zeolites Habgood, 1964; Huang, . Ž . 1974; Hutson et al., 2000 reported the Ž . synthesis of a mixed lithium᎐silver 80r20 ion-exchanged X-Ž q type zeolite SirAlf1.25, with approximately 17 Ag per unit . cell , and discussed its potential use in air separation. This sorbent utilized the very strong adsorptive properties of the Ag q ion that provided for increased capacity over that of the Li᎐X while maintaining some degree of the advantageous isotherm linearity that is seen with Li᎐X. Ab initio molecular orbital calculations showed that the adsorption of nitrogen Ž was enhanced by weak chemical interaction through a classic .
q -complexation bond with the Ag cation on the zeolite Ž . framework Chen and Yang, 1996 . Ž . Hutson et al. 1999 have reported the synthesis of mixed Li,Ag low-silica X-type zeolite in which the addition of very small amounts of silver and specific dehydration conditions resulted in enhanced adsorptive characteristics and increased Ž energetic heterogeneity relative to those of the fully or near .
q fully exchanged Li zeolites. The performance of air separation by the best of these sorbents, containing, on average, only one Ag cation per unit cell, was compared to that of the Ž . q fully or near fully Li -exchanged zeolite using a standard Ž . pressure-swing adsorption PSA cycle by numerical simulation. The results showed that the new sorbent provides a sig-Ž . nificantly higher )10% product throughput at the same product purity and recovery, when compared to that of the q Ž . fully Li -exchanged zeolite Yang and Hutson, 1999 .
The location of the extraframework silver in relation to the aluminosilicate framework is of primary importance for elucidating the effect of silver cations or clusters on the adsorptive characteristics of the zeolite. In this work, we have synthesized mixed Li,Ag ion-exchanged zeolites and treated these materials in ways that promote the formation of intracrystalline silver clusters. These samples were structurally characterized using Rietveld refinement of neutron powder diffraction data. The structural data were then related to the adsorptive characteristics of the mixed-cation zeolites for the gases that are of primary interest in the separation of air: N , 2 O , and Ar. 
Synthesis and Analysis
Two type-X zeolites, differing only by the SirAl ratio, were Ž . used in this work. These were: 1 X-type zeolite with a SirAl Ž of 1.0 Praxair, ࠻16193-42, sometimes referred to as LSX, . Ž . low-silica X-zeolite , and 2 X-type zeolite with a SirAl of Ž . 1.25 Linde, lot 945084060002 . Both of these materials were binderless, hydrated powders. The unit cell for faujasite zeo-Ž . lites Y, X, LSX , including conventional designation of cation sites, is shown in Figure 1 .
Since the sodium form of the zeolite exchanges more readily with most cations in consideration, all zeolites were first ion-exchanged with a solution of sodium chloride in order to convert to the Na q form. A dilute NaOH solution was used to keep the NaCl solution at pH f9. This helps to prevent hydrolysis and breakdown of the zeolite crystal structure during the ion-exchange process. The resultant Na q -zeolite was then used as the starting material for subsequent syntheses. The lithium zeolites were prepared by five consecutive Ž static ion-exchanges using a 6.3-fold excess over that neces-. sary for full ion exchange of a 2.2 M solution of LiCl. This was done in a 0.01-M solution of LiOH at a pH f9. The lithium ion-exchange solution was heated to a mild boil and then allowed to cool and settle. The solution was decanted, a fresh 6.3X LiCl solution was added, and the procedure was repeated for a total of five exchanges. After the final ion exchange, the material was vacuum filtered and washed with copious amounts of deionized water until no free ions were Ž present in the filter water that is, no AgCl precipitation upon q . treatment with Ag . The resulting lithium exchanged zeolites were dried overnight at 100ЊC in a conventional oven before being dehydrated in ®acuo prior to measurement of adsorption isotherms.
The silver zeolites were prepared by two consecutive ion exchanges using a 0.05-M solution of AgNO . Each silver so-3 lution contained a cation content that was double that required for 100% exchange. The silver ion-exchange solution was heated to a mild boil and immediately allowed to cool and settle. As with the lithium ion-exchange, the solution was decanted, fresh AgNO solution was added, and the proce-3 dure was repeated for a total of two exchanges. After the second ion exchange, the material was vacuum filtered and washed with copious amounts of deionized water until no free Ž ions were present in the filter water that is, no precipitation y . upon treatment with Cl . The silver exchanged materials were dried at room temperature and atmospheric conditions in a dark area. The resulting materials were then stored in a dark area until they were dehydrated in ®acuo prior to analysis. Ž The Li Ag -zeolites which may more accurately be rex y ferred to as Li Na Ag -zeolites, since ion exchange is rarely x y z exhaustive and there is almost always some residual Na q . present in the starting Li-zeolite were prepared by ion ex-Ž . change of a Li-zeolite prepared as described earlier with a 0.05-M solution of AgNO . This silver solution contained a 3 cation content that was equivalent to the targeted amount. This is possible with silver ion-exchange because the silver Ž . cation is quickly and easily exchanged Breck, 1984 . The sil- ver ion-exchange solution was heated to a mild boil and immediately allowed to cool and settle. The resulting material was vacuum filtered and washed with copious amounts of deionized water. Complete incorporation of the targeted silver ions was verified when no precipitation was observed in the filtered water upon treatment with Cl y . These mixed-cation zeolites were then dried at room temperature and atmospheric conditions in a dark area and were stored in a dark area until they were dehydrated in ®acuo prior to analysis.
The samples were compositionally characterized using Ž . neutron activation analysis NAA at the research nuclear reactor of the Phoenix Memorial Laboratory at the University of Michigan. The samples were irradiated sequentially for one minute at a core-face location with an average thermal neutron flux of 2=10 12 Nrcm 2 rs. Two separate gamma-ray spectra were collected for 500 s real time for each sample using a high-resolution germanium detector. After a 13-min decay the collection was used to determine the concentrations of aluminum and silver, while data collected after 1 h and 56 min decay were used to analyze for sodium and potassium. Four Ž . replicates of NBS-SRM-1633a coal fly ash and silver foil were used as standard reference materials and check standards.
The samples were also analyzed for Li content using an Ž inductively coupled plasma mass spectrometer ICP-MS, . Hewlett-Packard HP 4500 . The samples were first digested in concentrated nitric acid solution at 100ЊC for 20 min. At the end of digestion, the samples were further diluted and filtered before the ICP-MS analyses. Results of these analyses are given in Table 1 . The unit cell compositions for those analyzed samples are given in Table 2 .
From this point, all samples will be identified according to the type of zeolite and the number of charge-compensating Ž . cation s present in a unit cell. 
Structural Characterization
A separate set of mixed Li,Ag᎐LSX zeolites was prepared using the previously described procedure. These samples were used in the structural characterization. They were chemically Ž characterized using neutron activation analysis as described . earlier . The unit-cell composition for each of the materials is listed in Table 3 .
Neutron powder diffraction
Powder neutron diffraction data were collected for each of the samples shown in Table 3 . Each of the samples was initially dehydrated under vacuum for 12 h at a prescribed tem-Ž . perature as given in the sample name . The samples were exposed to atmospheric conditions during transport to the NIST Center for Neutron Research. In preparation for the diffraction experiment, approximately 10᎐15 mL of each Ž
y5
. sample was dehydrated under vacuum -10 torr . Each sample was heated to the temperature that was used in the prior heat treatment. Samples were heated at a rate of approximately 10ЊCrmin, held at constant temperature for a minimum of 4 h, then were allowed to cool to room temperature. The samples were transferred to 50-mm-long and 15.6-mm-wide vanadium cans and subsequently sealed in a helium Ž . environment with low water and oxygen levels -10 ppm . Neutron diffraction data were collected using the 32 detector BT-1 neutron powder diffractometer at the NIST Center for Ž . Neutron Research NBSR reactor Gaithersburg, MD . Mea-Ž . surements were made using a Ge 311 monochromator with˚y 10 Ž . Ž . s2.0783 2 A 1 A s10 m at ambient temperature. Data were collected over the range of 1.3᎐166.3Њ 2 with a step size of 0.05Њ. The data collection time for each sample was approximately 8 h. 
Riet©eld refinement
Neutron powder diffraction data were analyzed using the Ž . Rietveld 1967 technique in conjunction with the generalized Ž . structure analysis system GSAS suite of Larson and Von Ž . Dreele 1986 . To determine the best expected fit to the data, the Le Bail intensity extraction method was used first, in effect simulating a fit with an idealized crystallographic model Ž . Le Bail et al., 1988 . Background was fit using a Chebyshev Ž polynomial with a variable number of terms between 8 and . 12 . Lattice constants and zero-point shifts were then introduced and optimized. The peak asymmetry at low angles was Ž . treated using the model of Finger et al. 1994 . Scattering factors and lengths were set to standard values for neutral atoms, as supplied in the GSAS package. Initial fractional atomic coordinates for the framework constituents in space Ž . group Fd3 203 were based upon the model determined by Ž . Feuerstein and Lobo 1998 for Li᎐LSX. In this refinement, Ž . since the material is an aluminum-saturated zeolite, T 1 is Ž . modeled as a pure Si site and T 2 is modeled as a pure Al site. The isotropic atomic displacement parameters were grouped, using one value for framework T atoms, a second value for framework O atoms, and a third for extraframework cations. Details concerning the location of extraframework cations for each material and the final stages of refinement are given in the following sections. The results of the Rietveld refinement are given in Tables 4᎐8. The results of the Rietveld refinements are summarized in Table 4 . Positional coordinates, occupancies, and atomic displacement parameters for each sample are listed in Tables 5 and 6 . Se-Ž . Ž . lected bond lengths A and angles degrees are given in Tables 7 and 8. A comparison of the cation site occupancies determined in this study is given in Table 9 .
Li
Na -LSX structure
The results of the Rietveld refinement for this near fully Li-exchanged zeolite are shown in The results of the Rietveld refinement for the Li Ag Na ᎐LSX zeolite are shown in fully Li-exchanged sample, an overpopulation of Li was lo-Ž . cated at the SII site 40.3 cations . However, if one assumes that only 32 Li cations are located at this site, the total is very Ž near the expected total value of lithium 55.4 of the expected . 54.0 . Because of this, it is likely that the GSAS suite, using Rietveld refinement, consistently overestimates the population of SII lithium.
Most of the silver was found in the SIII supercage sites Ž . approximately 80% of the total found . This is an indication that the smaller lithium cations, when in competition with silver cations, prefer to occupy the six-ring sites. However, it may also be the result of the order of ion exchange. Since the low-silica X-zeolite was first ion exchanged with lithium, and then subsequently with silver, the lithium cations had the first opportunity to occupy the more energetically favorable sixring sites. If the ion exchange was done in the opposite order, silver cation may very well have retained occupancy of the Ž X X six-ring sites for silver, those would include SI, SI , SII , SII, U . and SII ; see Figure 3 .
Small amounts of silver were also located in sodalite six-ring Ž X U . sites SI , SII, and SII . There was no silver associated with Ž . Ž X . the single six-ring SI or inside the sodalite cage SII . The ( ) ( ) silver site II is approximately in the plane of the six-ring. A new site, which is labeled SII U to distinguish it from the con-Ž . ventional SII see Figure 3 , was found in this sample. Site II U is still observed on the supercage side of the six-ring, but is shifted further away from the plane of the six-ring. Only about 70% of the expected silver was located using Rietveld refinement. One explanation for this result is that there may be reduced silver crystallites on the exterior of the zeolite. This was discussed in a previous work for near fully Ag-ex-Ž . change faujasites Hutson et al., 2000 . This explanation also helps to explain the higher than expected lithium. The so-Ž . dalite cage and double six-ring hexagonal prism showing the sites for lithium and silver occupancy is shown in Figure 3 .
Fourier difference analysis indicated the presence of scattering density at the center of the sodalite cage and approximately 1.7 A away from this site. One likely explanation for this extra scattering density is the presence of extraframework alumina in the center of the sodalite cage. This was also noted in a neutron diffraction structural analysis of near fully exchanged Ag᎐X and Ag᎐LSX zeolites. Even when carefully dehydrated, X and LSX tend to lose framework alumina Ž through self-steaming to void spaces in the zeolite the so-. dalite cage and supercage . An extraframework tetrahedral w x y 3q AlO unit was added to the model with the Al located 2 at the center of the sodalite cage and oxygen atoms along the Ž . 111 axis. The fractional occupancies for these two atoms were constrained to be the same. Isotropic atomic displacement parameters were constrained to be the same as that of the extraframework silver.
Ag Na -LSX structure 93.3 2.0 0.7
These samples contained only a small amount of silver and, as a result, there was only a slight difference in the diffraction pattern as compared to that of fully Li-exchanged LSX. Ž This makes the Rietveld refinement very difficult Reisner, . personal communication, 2000 . In approaching this refinement, it was necessary to use information of the behavior of lithium and silver from the previous samples. It was also necessary to use what was already known of the behavior of sil-Ž . ver in near fully exchanged LSX-zeolite Hutson et al., 2000 . The results of the Rietveld refinement for the Li 93.3 Ž Ag Na ᎐LSX zeolite after vacuum dehydration at 350ЊC 2.0 0.7 . and at 450ЊC are shown in Table 4 ; and the agreement of Ž 2 the experimental and the refined model were very good s1.233 for the sample heated to 350ЊC, and 2 s1.319 for . the sample heated to 450ЊC . The overall structures of these samples are very similar to that described earlier for the Li Na ᎐LSX sample. Almost all of the lithium cations 
The mixed Li,Ag᎐LSX sample that had been heated to 350ЊC only had silver located in the SII X location. Almost all Ž of the silver was located 1.7 of the expected 2.0 per unit . cell . The sample that had been heated to 450ЊC, however, X Ž had a population of 0.9 silver in both SII and SII which . provided the location of 1.8 of the 2.0 Ag expected . The ( ) Table 9 .
Selected Interatomic Bond Angles Degrees Derived from Li,Ag-LSX, With Standard Uncertainties in Parentheses
Li Na ᎐ Li Ag Na ᎐ Li Ag Na ᎐ Li Ag Na ᎐ Figure  3 .
Adsorption

Adsorption isotherms
The adsorption isotherms were measured using a static vol-Ž . umetric system Micromeritics ASAP-2010 . Additions of the analysis gas were made at volumes required to achieve a targeted set of pressures. A minimum equilibrium interval of 9 s Ž with a tolerance of 5% of the target pressure or 0.007 atm, . whichever is smaller was used to determine equilibrium for each measurement point. The pressure transducers in the ASAP-2010 are accurate to -0.2% for the pressure range of 0᎐1 atm. The sample weights were obtained using a digital Ž Adsorption isotherms are often reported as the amount in . Ž . mmol or vol-stp of gas adsorbed per mass in grams of dehydrated sorbent. However, since there is a considerable change in the density of the resultant zeolite with the ion exchange of low-mass lithium cations for the much heavier silver cations, it is more meaningful to present adsorption data as the molecules of adsorbate in each unit cell of the sorbent, Li,Ag᎐zeolite. Conversion factors for this conversion are given for each of the samples in Table 11 . Both isotherms were measured after vacuum dehydration at 350ЊC for 4 h.
dration at 450ЊC for a minimum of 4 h. These samples were all initially gray in color, but after vacuum dehydration, turned to a deep golden yellow, indicating the formation of silver Ž . clusters Sun and Seff, 1994 . Figure 7 shows the enhancement in the N adsorption capacity for Ag Na ᎐LSX over tion-based separation. Because of the strong adsorption of N at low pressure, creating a low-pressure ''knee'' in the ad-2 sorption isotherm shown in Figure 6 , the working capacity Žthat is, the ⌬Q, the change in the adsorptive capacity from the typically used adsorption pressure of 1.0 to a desorptive . pressure of 0.33 atm is very small, and the material must be exposed to very low-pressure conditions in order to increase that working capacity.
Some Ag-zeolites have been shown to have a selectivity for Ž . Ar over O Knaebel and Kandybin, 1993 , and, in this work, 2 the Ag-zeolites that had been vacuum dehydrated at 350ЊC also showed a selectivity for Ar over O . However, the Ag-2 zeolites that had been vacuum dehydrated at 450ЊC had ap-Ž proximately the same adsorption capacity for Ar and O as 2 . shown in Figures 4 and 6 . This is likely due to increased Ž q . interaction between the charged Ag-clusters Ag at SII and Ž the quadrupole moment of the O molecule whereas, the Ar 2 . has no quadrupole moment .
The N adsorption isotherms, measured at 25ЊC, for 2 Li Ag ᎐LSX zeolites after vacuum dehydration at 450ЊC for x y a minimum of 4 h are shown in Figure 8 , where the amount Ž . adsorbed is given in both mmolrg top and molecrUC Ž . bottom . These zeolites contained varying amounts of Ag Ž per unit cell, ranging from zero that is, the near fully ex-. Ž ch a n ge d L i -N a ᎐ L S X sa m p le to 21 th e 9 4 .5 1 .5
. Li Ag Na ᎐LSX sample . This plot reveals that the in- . and corresponding removal of Li and Na , the adsorption isotherms begin to take on more of the characteristics of Ž the near fully exchanged Ag Na ᎐LSX material that is, 95.3 0.3 . the high ''knee'' at low pressures .
Heats of adsorption
Heterogeneity in zeolites may result from a number of causes, including a mixed population of charge-compensating cations. If the intracrystalline cation composition is mixed, sites in the vicinity of a cation will differ for each cation whether or not they occupy equivalent crystallographic positions. Further, in a mixed cation population the proportion of one cation to another can vary from one cavity to another, so that the behavior of the cavities as multiple sorption sites Ž . may vary throughout the crystal Barrer, 1978 .
The presence of energetic heterogeneity of a system can be determined by plotting the isosteric heat of adsorption vs. the amount adsorbed. Energetic heterogeneity of the system will result in a decrease in the isosteric heat of adsorption as the amount sorbed increases. For small uptakes, the isosteric heat may decrease rather strongly with the amount adsorbed. This would be an indication that there are some local intracrystalline positions where the guest molecules are preferentially sorbed more exothermally than in the rest of the intracrystalline volume.
The measurement of adsorption isotherms at different temperatures permits the calculation of the heat of adsorption as a function of surface coverage. When experimental data are reported as a set of adsorption isotherms for a particular gas-adsorbent system, the isosteric heat of adsorption Ž . is usually calculated Bajusz and Goodwin, 1997 . The isosteric heat of adsorption can be calculated from a series of isotherms by application of the Clausius-Claperyrong equation as follows:
Using the data from nitrogen adsorption isotherms mea-Ž . sured at 50ЊC, 25ЊC and 0ЊC shown in Figure 9 , the isosteric heats of adsorption were determined by evaluating the slope Ž . Ž . of a plot of ln P vs. 1rT at several coverages. The plots of ages were calculated for each of these materials and are shown in Figure 11 . The plots are shown as the heat of ad-Ž . sorption in kcalrmol vs. coverage in molecules of adsorbate w Ž . x per cavity based on 5.7 cavities per unit cell Breck, 1984 . From the plots of the heats of nitrogen adsorption, one can see that the isosteric heat of adsorption for N on 2 Ž . Li Ag Na ᎐LSX is quite high f8 kcalrmol at low 
Structural Effects on Adsorption
The adsorbate᎐zeolite interactions correspond to those between the adsorbing gas and the surface oxygen and charge compensating cations. In faujasite zeolites, the cations in the Ž . beta cages and the double 6-ring hexagonal prism are steri-Ž cally inaccessible to nitrogen, and so only the supercage SII, acting on the molecule will be higher since adsorbate molecules also interact with oxygen atoms of the zeolite.
From the analysis of the structural data and the resulting effects on the adsorption of nitrogen for the near fully Ag Na -LSX and Li Ag Na -LSX. The breakdown is not significant enough to destroy the crystallinity of the zeolite, and it is random enough to prevent its detection using X-ray or neutron diffraction. However, the breakdown likely creates an energetically unfavorable environment for the silver. As a result, silver in the SII X then moves to the SII or SII U location. Repulsive forces Ž X . probably from silver in the SII location then push the Ag into the adsorbate accessible SII U supercage position. The Ž U . presence of this supercage cation at the SII site results in an adsorptive surface that is energetic heterogeneous.
